Purpose: Detailed analysis of a patient with epithelial Lewis Y (LeY) positive cancer who received twice 50 mg of the humanized Lewis Y carbohydrate specific mAb IGN311 and developed a clinically significant human anti-human antibody (HAHA) response (Ab2). Results: Clinical stabilization of the disease was assigned to in this patient. The HAHA response consisted mainly of IgG1 and was found to be directed against the IGN311 binding site. Consistent with the induction of the HAHA response, CDC activity against Lewis Y positive target cells was completely abolished at day 8 and could not be restored by the second 50 mg infusion indicating complete neutralization of applied IGN311. The ADCC reactivity was also significantly reduced and anti-anti idiotype-specific antibodies (Ab3) were detectable at day 65. Conclusions: Induction of Ab3 antibodies should be considered as an additional factor influencing the efficacy of humanized antibodies. In this context, the potential threat of induced HAHA responses against therapeutic mAbs might have to be reconsidered because they might actually have also beneficial immunological long-term effects leading to an active immunization component induced by therapeutic antibodies.
Introduction
The unwanted immunogenicity of protein therapeutics is of general concern regarding patient safety and efficacy [1] . Repeated application of therapeutic murine antibodyies has been frequently found to be associated with the induction of human anti-mouse antibodies (HAMA) [2] which is unwanted because it can lead to rapid clearance of the therapeutic mAb or to hypersensitivity reactions. On the other hand, HAMA may be associated also with a positive clinical outcome [3, 4] . Humanization of murine antibodies is regarded as versatile approach to minimize the immunogenic potential of therapeutic antibodies [5] . Nevertheless, also after application of humanized mAbs, the induction of human anti-human antibodies (HAHA) has been reported [6] . Whereas the immunological implications of the HAMA response have been investigated in great detail [7] [8] [9] , the potential therapeutic effect of the HAHA response is largely unknown. In this regard the induction of anti-idiotypic network responses may even be involved in mediating effector mechanisms [10] [11] [12] . These effects can be explained based on the anti-idiotypic network theory postulated by Jerne [13] .
IGN311 is a Lewis Y (LeY) specific, humanized monoclonal IgG1/κ antibody that has been used for passive immunotherapy of patients suffering from cancers that are over-expressing the LeY carbohydrate antigen. To determine safety, tolerability, pharmacokinetics, and antitumor activity of IGN311, a clinical Phase I study with twelve patients with LeY positive tumors was performed [14] . After two IGN311 infusions (at days 1 and 15), 50% of the patients developed a HAHA response as determined by a surface plasmon resonance (SPR) based assay [15] . The peak response was measured at day 15 after the first infusion (before the second infusion) and then decreased steadily to almost baseline levels as measured before treatment. This kind of HAHA profile has been categorized as "Type I response" [16] and is commonly not regarded dangerous for the patient.
We have investigated and discuss here in detail the immunological parameters and clinical outcome of one patient with an LeY expressing tumor who was treated with IGN311 (50 mg dosing group) and developed a particularly high HAHA response accompanied by a longterm stabilization of disease [14] .
Material and Methods

Patients
All sera analyzed had been taken from patients participating in a randomized clinical Phase I trial with IGN311 [14] . Informed consent was obtained from each subject. Patient 1 (Male, 78 years, KPS: 80) and patient 2 (Male, 66 years, KPS: 70) belonged to the cohort that received twice 50 mg IGN311 infusion per dose. Because patient 1 showed stable disease, an additional third and fourth infusion of IGN311 on days 108 and 123 at the discretion and responsibility of the investigator was given. Both patients suffered from colorectal cancer which had spread to the liver. Prior to IGN311 treatment they did not receive immunotherapy or hormonal treatment but chemotherapy. Patient 1 was treated with capecitabine and patient 2 received a combination consisting of capecitabine, folic acid and 5-flourouracil.
Antibodies
Humanized mAb IGN311 (IgG1/κ) [17] , specific for the tumor-associated carbohydrate LeY, was used both for application in patients and in vitro tests. As isotype control Ab, Herceptin was used. MMA383 (murine IgG2a), recognizing the idiotype of IGN311, was regarded as mimic of an anti-idiotypic Ab2 and used for the quantitation of the induced HAHA response. ABL364, the murine IgG3/κ variant of IGN311, was used to demonstrate that the induced HAHA response is idiotype-specific. MMA383 and ABL364 were obtained from Novartis, Vienna, Austria. As isotype control, unrelated murine IgG3/κ mAb FLOPC-21 (Sigma) was used.
Determination of Human Anti-Human Antibody Response
Analysis was performed as described applying a SPR approach using a Biacore 3000 [15] . Briefly, IGN311 was covalently immobilized onto the surface of CM5 sensor chip and 1:10 diluted serum samples from patients were tested. Unspecific binding was assessed using a flow cell where an isotype matched control antibody (Herceptin) was immobilized. A calibration curve was recorded using a murine antibody (spiked into 10% human serum pool) that binds to the IGN311 idiotype.
Protein G Chromatography
Patient 1 immune sera were diluted and applied to Protein G columns. The flow through was collected and size exclusion chromatography (SEC) was used to confirm depletion of IgG. The area under the curve corresponding to serum albumine peak was used to adjust the concentration of the immune serum to the flow-through sample. Samples were then analysed by SPR.
Anti-Idiotype ELISA
Binding of pre-serum (day 1) and immune serum (day 15) of patient 1 to ABL364-the murine IgG3/κ variant of IGN311-was measured. As isotype control, an unrelated murine IgG3/κ (FLOPC-21, Sigma) was used. Samples were serially diluted and bound Abs were detected with a polyclonal anti-human IgG-HRP.
Idiotype Determination of the Anti-Id Response (ELISA)
Isotype determination of human serum antibodies bound to ABL364 was performed with human IgG subclassspecific antibodies conjugated to HRP (Sigma). Total IgG was determined with polyclonal anti-human IgG-HRP. Serum samples were diluted 1:300 and 1:2700.
Determination Serum IGN311
Antibody MMA383 was used to capture IGN311 present in patient serum at the indicated time points (hours) 0 (day 1, 1st infusion), 0. 
Complement Dependent Cytotoxicity (CDC)
Briefly, LeY positive SKBR3 tumor cells were incubated with Na 2 51 CrO 4 (Amersham, Germany), washed, and incubated for 60 minutes at 37˚C with serial dilutions of patient sera, thereby using patient's complement. Release of 51 Cr from lysed target cells into the supernatant of the samples ("Cs") was measured using a γ-counter (Cobra 5005, Canberra-Packard, Australia). Spontaneous release ("Sr") and maximum release (100%, "Mr") were measured after incubation of target cells with medium alone or with detergent (2% SDS), respectively. Cytotoxicity was calculated using the following formula 100% × (Cs-Sr)/(Mr-Sr). The percentage of lysed cells was plotted against the logarithm of the IGN311 concentration 
Antibody Dependent Cellular Cytotoxicity (ADCC)
LeY positive SKBR3 tumor cells were incubated with Na 2 51 CrO 4 (Amersham, Germany), washed, and plated into 96-well microtiter plates. Effector cells derived from peripheral blood mononuclear cells from a healthy volunteer donor were freshly prepared and added to the target cells at an effector to target ratio of 40:1. Heat-inactivated serum samples were diluted 1:20 and incubated at 37˚C for 16 hours in a CO 2 -incubator. Released 51 Cr indicative for target cell lysis was calculated using the procedure mentioned above.
Determination of Anti Anti-Idiotypic
Antibodies (Ab3)
Antibody MMA383 was used to capture Ab3 antibodies in patient serum. Bound antibodies were detected with a human λ light chain specific HRP conjugate. Sera were diluted 1:10.
Results
HAHA Kinetic and Specificity
The kinetic of the HAHA response in patient 1 (receiving 50 mg IGN311) was determined by SPR using a quailfied Biacore method [15] (Figure 1(a) ).
The observed, non-serious side effects during treatment were hyperuricaemia (grade 1) and epistaxis (grade 2). A significant HAHA response was detectable at day 8 and showed peak values at day 15 measured before the second infusion. Notably, the HAHA response decreased following the second infusion of IGN311 on day 15 and was also not re-boosted by a third and fourth application at days 108 and 123, respectively, indicative for the socalled HAHA type I [16] . The resolvement of the HAHA response over time suggests the establishment of tolerance. In comparison, patient 2 showed no response above background (data not shown). To determine the isotype of the bound immunoglobulin detected by SPR, patient 1 immune serum (day 15) was depleted from IgG by Protein-G affinity chromatography (Figure 1(b), left panel) . Protein-G binds all human IgG subclasses with high affinity whereas IgM is not retained. The flow through after Protein-G affinity chromatography was collected and applied to BIACORE analysis. After Protein-G treatment no sample binding was observed (Figure 1(b) , right panel) indicating that the HAHA response consisted of IgG only. To demonstrate whether the induced HAHA response is directed against the IGN311 binding site, an ELISA using mAb ABL364-the murine IgG3/κ variant of IGN311-as coating antigen was performed. As control for reactivity against the murine Fc-region, an unrelated murine IgG3/κ mAb was used. Pre-serum (day 1) and immune serum (day 15) of patient 1 were serially diluted and bound Abs were detected with an anti-human IgG-HRP conjugate.
A concentration-dependent binding of immune serum to ABL364, but not to the IgG3/κ isotype control antibody, was obtained (Figure 2(a) ) indicating that the induced HAHA reactivity is idiotype-specific regarding IGN311. Isotype determination of the serum antibodies bound to ABL364 was performed with human IgG subclass-specific antibodies conjugated to HRP and total IgG was determined with polyclonal anti-human IgG-HRP. Data shown in Figure 2(b) indicate that the in- duced HAHA response consisted largely of IgG1 antibodies. This is in accordance with results published by Ritter et al. [16] who showed that the isotype of the induced HAHA response after application of the humanized anti-EpCAM antibody A33 consisted of IgG1.
bly prolonged disease stabilization during the whole course of treatment. The underlying mechanism of antitumor activity leading to stabilization of disease in patient 1 was investigated by accessing the capability of the immune serum to lyse LeY expressing target cells by CDC (Figure 3(a) ) and ADCC (Figure 3(b) ). Interestingly, in patient 1 significant CDC activity could be detected only 30 minutes after the first infusion-whereas
Effector Mechanism
Regarding the clinical effects, this patient showed nota- no reactivity was seen at any later time points tested. Most importantly, no CDC activity at all was detectable in patient 1 following the second infusion of IGN311. In contrast, patient 2 from the same dosage group, but without HAHA response, showed CDC reactivity during at least one week following both, the first as well as the second IGN311 infusion. This result strongly indicates that the induced HAHA response neutralizes the applied IGN311. Regarding the ADCC activity (Figure 3(b) ), the proposed inhibitory effect of the HAHA response was less pronounced than observed for CDC activity. Nevertheless, when compared to patient 2, a reduction in ADCC was evident-particularly after the 2nd infusion at day 15.
From these data it can be concluded that also ADCC is affected by the induced HAHA response although to a lower degree than the CDC. This may be explained by the fact that generally higher amounts of antibody are necessary for CDC compared to ADCC [18] .
Pharmacokinetics
To investigate whether the amount of induced anti-IGN-311 antibodies is, at least theoretically, sufficient for binding the LeY antigen, the IGN311 serum concentration during the treatment course was determined (Figure 4) . Although IGN311 has shown a half-life in patient serum [14] of 10 -12 days after the first infusion and of ~24 days following the second infusion of 100 mg IGN-311/ patient [14] , which is close to the reported t1/2 of 21 days of natural IgG, patient 1 showed a rather different picture.
Whereas after the 1st infusion, the pharmacokinetics (measured until day 8) were similar to the other two patients, a dramatic difference was evident 2 days after the 2nd infusion: in contrast to patient 2 whose IGN311 titer slowly decreased according to expected serum half-life, no IGN311 was detectable in patient 1. Based on the presented data so far, the explanation for this observation is that IGN311 can form complexes with the idiotypespecific antibodies generated by the HAHA response and can therefore not be detected by ELISA based on an antiid antibody used for detection. In accordance with the rapid complex formation of IGN311 with the idiotype specific antibodies also the effector function are abrogated rapidly. To get information about how much anti-id antibodies were produced in patient 1, we used the IGN-311 anti-id antibody MMA383 as calibrator to quantitate the HAHA response ( Table 1) .
At peak levels (at day 15) around 15 µg/ml MMA383 equivalents are present in serum which are then steadily decreasing to approximately 6 µg/ml at day 65. In contrast, a ten-fold lower amount was detected at day 8 indicating that this amount of HAHA response is most likely not sufficient to neutralize IGN311 (assuming a 1:1 stoichiometry). The measured amount of unbound IGN311 (Figure 4 ) correlated with the decrease in CDC and ADCC activity measured in the serum of patient 1 (Figures 3(a) and (b) ).
Ab3 Induction
Regarding the correlation of the HAHA response with Table 1 . HAHA quantification. Using the murine mAb MMA383 as reference which recognizes the idiotype of IGN311 in a qualified BIACORE assay [14] the RU's were assigned to an amount of MMA383 equivalents (µg/ml).
the disease stabilization seen in patient 1, we hypothesized that the induction of the anti-idiotypic HAHA (Ab2) response against IGN311 (Ab1) may consequently result in generation of anti-anti-idiotypic antibodies (Ab3) [19, 20] which recognize LeY on the target cells leading to an in situ immunization against the per se non-immu-nogenic carbohydrate LeY target antigen [18] . Therefore, we used an ELISA approach to verify induction of Ab3 antibodies. False positive signals resulting from remaining serum IGN311 (IgG1/κ) were eliminated by an ELISA detection system specific for the human λ chain. In humans, the ratio of antibodies containing κ or λ light chains is 60:40 [21] therefore the chance for the existence of a specific Ab3 clone expressing a λ light chain or λ light chain is roughly equal. As can be seen in Figure 5 , patient 1 developed a significant λ chain related anti-id (anti-MMA383) reactivity.
carries an "internal image" of the Ag and induces Abs (Ab3) against the original Ag [Jerne, 1974] . Whereas an immune response against murine Abs can be directed against all parts of the molecule which are non-homologous to their human counterparts, humanized mAbs should only be immunogenic with regard to the murine amino acid sequences in their antigen binding site. Consequently, a human anti-human antibody (HAHA) response should be idiotype-specific. Interestingly, investigations regarding the induced HAHA responses in clinical trials revealed that application of different humanized antibodies (although all IgG1/κ) induced different levels of HAHA [6] . Whereas passive application of Herceptin or Avastin induced marginal levels of HAHA [24, 25] , application of huA33 [26] resulted in greater than 50% HAHA responders indicating that a) humanization does not resolve all immunogenicity issues and that b) the occurrence of HAHA response cannot be predicted. The high incidence of HAHA induction by a humanized antibody huA33 was also shown by the data obtained with IGN311. Additionally, the high frequency of HAHA was in all three cases measured by a surface plasmon resonance approach and not by ELISA. This finding warranted a side-by-side comparison of both techniques to assess the possibility of identifying false positive/false negative HAHA responders. Such approach was taken by Lofgren et al. [27] and indeed they identified more HAHA positives samples when applying SPR technology.
Discussion
The induction of an immune response against passively administered murine therapeutic antibodies (HAMA) has been frequently reported and was found to be associated with severe side effects and unfavorable pharmacokinetics. On the other hand, HAMA can also be associated with a positive clinical outcome [22] because-apart from direct cytotoxic mechanisms such as ADCC, CDC and induction of apoptosis-Ab2 and Ab3 have been postulated according to the network hypothesis of Jerne to induce tumour cell rejection [3, 23] . According to Jerne's network theory, a subset of anti-idiotypic Abs (Ab2beta)
Regarding an anti-anti-idiotypic response, Cheung et al. [28] showed that Ab3 antibodies are induced after application of the anti-GD2 mAb 3F8. Furthermore, Ab3 induction was associated with long term survival supporting the network concept postulated by Jerne. The finding that high HAMA titers, resulting in IgG Ab3 antibodies, prolong survival, are consistent with the finding that IGN311 treated patient 1 showed stable disease over the whole treatment period and post-treatment observation period. Uttenreuther-Fischer et al. [23] analyzed the details of the immune response in a neuroblastoma patient also with molecular methods and found that the idiotypic Ab (Ab1) against the target GD2, a disialoganglioside overexpressed in neuroblastoma cells triggered the production of an anti-idiotypic Ab (Ab2). This Ab2 belonged to the Ab2beta subclass, which means that it mirrors the spatial structure of the Ag recognized by the therapeutic antibody (Ab1). Most importantly, this Ab2beta was capable of inducing the production of an anti-anti-idiotypic antibody, designated Ab3. This Ab3 in turn was able to bind the original tumor-associated antigen, resulting in a secondary immune response against the tumor cells. According to the authors, Ab3 production started with a delay of 6 -14 months relative to the first application of the initial therapeutic mAb but then the production persisted for years, significantly contributing to the long-lasting, positive effect of the Ab therapy. Additionally to its beneficial effect in the patient, Ab3 could also be used as a surrogate marker for the success of the immune-therapeutic intervention. The present data show that patient 1 receiving IGN311 (lowest dose, 50 mg/kg) developed a λ chain related anti-idiotypic (anti-MMA383) immune response. The observed long-term benefit from the immune therapy was presumably also, at least partly, mediated by the mechanisms originally described by Uttenreuther-Fischer et al. This is also supported by the finding that the blood-levels of Ab1 in patient 1 decreased very quickly after the second Ab injection, a hint that production of the antiidiotypic antibody resulted in a fast clearance of the therapeutic antibody. The rapid clearance of the antibody might also explain the reduced ability of the serum of patient 1 to induce immunogenic effects in the CDC and ADCC assays. Importantly, Ab3 is supposed to directly recognize LeY modified epitopes on the targeted tumor cells, thereby triggering additional effector functions in situ and even possibly facilitates the induction of an active immune response that specifically attacks these malignant cells for long term. This proposed effect presumably also contributes to the improved long-term outcome of IGN311 therapy seen in patient 1, despite a clearly compromised CDC and ADCC reactivity measured in the serum from this patient shortly after application of the therapeutic antibody. The induction of the anti-idiotypic responses following passive application of therapeutic antibodies may induce an immunization against the original antigen, by mimicking the original antigen by a part of the anti-idiotypic antibodies. Such active immunization component may prolong significantly the therapeutic effects triggered by the passive application of therapeutic antibodies. Moreover, in particular also for low immunogenic antigens such as carbohydrate antigens (including LeY) which are not able to induce an efficient immune response by themselves the mimicking image presentation by the anti-idiotypic antibodies can significantly enhance the induction of effective immune responses against the original antigen. Furthermore, it was also shown that the binding of IGN311 to LeY-modified receptors induced an inhibition of signal transduction via these receptors [29] . This mechanism additionally enhanced the effect of the immunotherapy because co-expression of LeY antigen and of EpCAM receptors results in a poor prognosis for these patients [30] .
Conclusion
The presented data shed some light on the immunological basis for the long-term clinical disease stabilization found in one patient who developed a pronounced HA-HA type I response after infusion of the humanized antibody IGN311. This also encourages further research to clarify the exact molecular mechanisms underlying the described effects. In the light of the recently published literature, this might help to further improve the study design and implementation of future clinical trials, resulting in a less burdening treatment and a positive long-
